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CHAPTER I

INTRODUCTION

1-1 Oscillation Requirements

Electronic oscillators are circuits that produce a time-varying
output signal without any external excitation. Oscillators are the
basic signal source for many electronic systems and their role in

electrical engineering is extremely important. The closed loop feed-

back network shown in Fig. 1-1 is often used to determine the conditions

that must be satisfied in order to obtain and maintain oscillations.

The network consists of a frequency dependent active device whose trans-

fer function is A(U)), and a feedback network with a transfer function
of B(W). The characteristic equation of a network is used in stability
studies and may be determined by equating the overall transfer function

to infinity. This condition describes a system that generates a time-

varying output in the absence of an input signal. The terminal voltages

of this network are related by

Vy = Vo/A(w) (1-1)

Vy = VB(Ww) (1-2)
and

v, o+ Vy =V, (1-3)

Substituting Eqs. (1-1) and (1-2) into Eq. (1-3) results in

V; + B(W )V, = Vo/A(W) (1-4)

Eq. (1-4) is rearranged to obtain the overall transfer function



Vo _ AW)
- (1-5)
Vi 1-B(w)a(w)
The characteristic equation of this network is
1-A(W)B(wW) =0 (1-6)

If Eq. (1-6) can be satisfied at some frequency the network will oscillate
and hence, is called unstable. The two requirements that must be met are:
1. The magnitude of the loop gain,lABI, must be greater than 1;

that is, for a given output level the signal fed back to the
input must be greater than that required to produce the ini-
tial output level. f
2. The phase shift around the closed loop must be 0° or some
multiple of 360°. This requirement states that the feed-

back must be positive rather than negative.

1-2 2-Port Networks

Unfortunately, the transfer function of a 2-port network is depen-
dent upon its input impedance, the load being driven and its internal
feedback in addition to the forward gain. For this reason a set of
small signal 2-port parameters is often employed to describe the net-
work; these parameters are valid for any loading conditions.

The h-parameters came into use shortly after the development of
audio frequency transistors. The terminal properties of the network
shown in Fig. 1-2 can be related by h-parameters as

Vil oy

1-7)

I
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Fig. 1-1. Closed loop feedback network
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Fig. 1-2. 2-port network



The h-parameters may be measured by making V
=V
h11 l/Il V, =0

h

5 Or Il = 0, and

21 = L/Mly -0

2
hp =W/,

h

Ly = 0]

22 = /7, T, B

At audio frequencies it is not difficult to satisfy the measurement
conditions and the parameters are all real numbers. As frequ.ncy
increases it becomes increasingly difficult to make ;l = 0 and the
phase shift through 2-port device requires that both magnitude and
phase be measured.

Because of the limitations of h-parameters, the set of y-param-
eters has been uced to describe transistors and other active devices
at high frequencies. The terminal properties of the network shown in
Fig. 1-2 are related by

o Sl 4 o b gl 2 0

(1-8)
I

1

2 = ¥;V1 + ToV2

These are sometimes called short-circuit parameters because the measure-

ment conditi:: s require either Vl =0 or V2 = 0, and

v = /% V, =0

<
1]

21 I2/Vl Vy, = 0

12 = /a2 ly, = 0




Yon = LY, ¥iV=b

Elaborate y-parameter measurement equipment is available and satisfactory
measurement of both magnitude and phase may be made over a wide range of
frequencies (greater than 1GHz); however, the use of y-parameters has
some disadvantages. These include:

1. A typical measurement system consists of at least 2 adjustable
coaxial lines that must be readjusted for each frequency of
interest.

2. Two or more adjustments of the measuring apparatus are required
to measure a complete set of parameters.

3. An active device may become unstable when an attempt to short-
circuit two of its terminals is made.

The disadvantages listed above indicate that measurement of y-parameters
is very time consuming and in some cases impossible because of stability
problems.

Since the disadvantages of y-parameters make their use unattractive,
another set of high frequency parameters was sought. It was found that
the scattering parameters which were originally developed to describe
passive microwave devices could be used to characterize transistors and
other active devices. A discussion of s-parameters will be presented
in Chapter IT and it will be seen that this method has some significant

advantages over y-parameters.

1-3 Goals of Research

The frequency range of solid state oscillators has increased to the

point where classical low frequency design and analysis techniques are



no longer completely adequate. Development of very high frequency
emitter coupled logic (ECL) gates has provided a new active device
that may be used in high frequency oscillators. In light of these
facts the objective of this study is to develop an analysis of high
frequency ECL gate oscillators. This analysis will be based on the
s-parameters of the gate and those of the feedback network. The
relationship between the s-parameter description of an oscillator and
negative resistance oscillators is also presented.

A natural extension of analysis is design, since no additional
information is required. A general design procedure that may be used
for ECL as well as the design of other types of oscillators is dis-

cussed in Chapter IV.



CHAPTER II

S-PARAMETERS

2-1 Advantages of s-parametersl’2

The development of very high frequency semiconductor devices
has stimulated considerable use of the scattering parameters. These
parameters are camonly known as s-parameters. The use of s-parameters
has generally been confined to high frequency (greater than 100 MHz)
work; however, such a limitation is not essential as s-parameters have
been used for circuit design at frequencies as low as 10 MHz. The use
of s-parameters has some distinct advantages over other parameters.

An important reason why s-parameters are becoming widely accepted
is that they are easy to measure, because the required terminations
are not open or short circuits. The use of a finite impedance for
measurement helps to stabilize the device whose parameters are being
measured; whereas the device may become unstable when an attempt to
short or open one port is made. This advantage is especially evident
at frequencies above 100 MHz where valid open or short circuits are
difficult to obtain.

Another advantage of s-parameters that is especially pertinent
to this thesis is that negative resistances can be evaluated without
causing instability. It may be difficult or impossible to obtain the
parameters in any other way.

In high frequency design, the transfer of power is generally of

primary interest and matching networks are often used so that power



transfer is optimized. The s—pafémeters provide information tnait is
closely related to power transfer; therefore, circuit desigr is simpli-
fied, because the required matching networks are easy to describe.

A final advantage is that signal flow graphs are ideally suited for
use with s-parameters as they provide an eitremely simple method of

relating all design parameters.

2-2 Definitions

Numerous papers have defined and discussed the generalized scatter-
ing parameters and, therefore, no detailed description is giwven here.l’z’3
Material sufficient for an understanding of the s-parameters will be pre-
sented.

The circuit of Fig. 2-1 shows a 2-port network which is to be des-

cribed by s-parameters. The quantities that are related by s~parcmeters

are the a's and b's and they are defined as

ay = (Vg + 2315)/ Z“J]Re(zi)l

and (2=1)

= (U -2, °T5)/2 \[Re (25) |

o'
|

The subscript i is for the general case and indicat- 5 the jth

port.
It should be noted that as and b; are not voltage waves; the reason
for thcse definitions will become apparent later. It is generally
desirable in practice to let Z; and Z, be real positive impedances

equal to the characteristic impedance, ZO' For this condition and

for the two port network Eq. (2-1) may be rewritten as




1

(Vl + IlZO)/z\/TO—
(V] = I120)/2v 2

o = (Vy + 120)/2\Z
by = (V, = 120)/2V 7o

Brief consideration of the simple transmission system shown in Fig.

A
I

(2-2)

)
I

2-2 will show how the a's and b's are related to the voltage waves. The
circuit shows a transmission line of characteristic impedance ZO termi~
nated with a load Zj. The incident and reflected voltage waves are indi-
cated as vt and V- respectively. The characteristic impedance of the trans-
mission line relates the incident voltage and current and also the reflected
voltage and current, since

Zo = vyt S (2-3)

The voltages and currents associated with this circuit are functions
of the distance x and are described by differential equations whose solu-
tions are

v=v +V
and (2-4)

I=1 =1
Eqs. (2-3) and (2-4) may be combined to give

V= (V+I20)/2
and (2-5)

v = (V-12y/2
It is obvious from Eq. (2-2) that the a's and b's are the incident and
reflected voltage waves normalized to/ia; that is

a5 = Vi 4%

and (2-6)

1

b, = V3 M2y » 171 2
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For this reason a; and bi are often considered as the incident and
reflected voltage waves.

It can also be seen that a; and bi are closely related to power

th 2

flow, since |a; port and

is the power incident on the i bs

1

is the power leaving the ith port. It is now obvious that a meaning-
ful definition is given by Eq. (2-1).
The equations that are generally used to describe the 2-port

network shown in Fig. 2-1 are

by = 8,8 + 808,
r
and (2—7)1
i

b2 = Szlal + 5223.2

If a, is set to O, 514 and S5 may be determined; and if ay is 0, then

2

S15 and Sy, May be determined. Either a) or a is made O by terminating

2

the port of interest in Z This termination absorbs all the incident

O.
power so there is no reflected wave. Eq. (2-6) may be substituted into

Eq. (2-7) and the resulting equations define the s-parameters as

e =
1171 /M |yt -0

=
s;p =V /Nyt =0
=) + (2-8)
sz = V2 Mo |ut = o

S

o & e
Eq. (2-8) shows that the s-parameters are related to voltages that
may be easily measured. The parameters s.. and s,, are simply reflec-

3 22
tion coefficients and are measured under the condition that both ports
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b
27 W—> » . A W
Vl 2=-port network V2
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Fig. 2--3. Flow graph



12

are terminated in the characteristic impedance of the system. They
provide sufficient information for determining the input and output

impedances of the 2-port device, when ZO terminations are used. Like-

ol and s12 are the forward and reverse transmission

gains with the input and output ports terminated in ZO.

wise, the parameters s

2-3 Signal Flow Graphs

It was mentioned previously that signal flow graphs may be used to
greatly simplify problems involving s-parameters. A signal flow graph
is simply a graphical method of writing a set of equations that describe
a system.4’ 5 A1l the information of the equations is contained on the
graph. A very simple and fast method of solving flow graphs is provided
by the non-touching loop rule.

The graph of Eq. (2-7) is shown in Fig. 2-3. Each variable is
placed on the graph and called a node. The value of the dependent
variable is given by the sum of the signals entering the corresponding
node. An arrow pointing away from a node is not used in computing the
value of that variable. Fig. 2-3 shows that the signals entering the
node representing b; are syja; and sjsap and, therefore, b1 = 89789 t S1585¢
In a similar manner it is found that b2 = SZlal + Spo8ye

The s-parameters for flow graph representations of passive devices
or loads are not difficult to obtain. Fig. 2-4 shows a load impedance
‘and its corresponding flow graph. It is obvious that the flow graph
completely describes the load, since b = KLa where KL is the reflection

coefficient of the load.
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Another flow graph of interest is that of a signal source cf internal
voltage Vg and impedance Z. This situation is illustrated in Fig. 2-5.
The voltage into a ZO load is given by

v, = V2o /(2 + 25)
and, since b, = VL//ZO it may be written as
by = VgV 4, /(g + Zg)

The reflection coefficient of the source is simply (ZS-ZO)/(ZS+ZO).
The information shown in Figs. 2-3, 2-4, and 2-5 may be crmbined
to form a 2-port network terminated in 7 and driven by a source of
internal impedance Zs' This general network is shown in Fig. 2-6 and
may be used tc derive many useful relationships. For example, the
transducer power gain, GT’ is defined as GT = PL/Pavs where PL is th=
power delivered to the load and P_,q i8 th. power available from the
source; and is given by
2 2564 b b
R i Il %, 1)

T =
“l'slle)(l'szzKL)'szlslzKle

The voltage gain is given by

5, = v, _ spit Ky)

vy 517 (1-s,K) + s12821Ky,

o), Stability 127
S-parameters are often used to design high frequencies e-plifiers

using transistors or other active devices. The Smith Chart is a valuable

261114
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aid in such work, since it provides a simple means of specifying the
matching networks required to obtain the desired power gain. Smith
Chart design techniques are used to either maximize the gain at the
single frequency, or to design frequency dependent terminations that

'
|

may be used to obtain a broadband amplifier. Such techniques are

presented in the literature.l’z’B’6
One of the most important considerations for the design of

amplifiers is the possibility of undesirable oscillations. A circuit

may, of course, become unstable if its input or output impedance has

a negative real part. The reflection coefficient of any impedance, Z,

is given in Fig. 2-4 as K = (Z - ZO)/(Z + ZO) and IKI will be greater

than 1 if the real part of Z is negative. This means that the impedance

will reflect a larger voltage than it was subjected to; in fact, it

really acts like a source rather than a load. It has been shown that

s11 and Sy, are the reflection coefficients of the input and output

ports for the condition of Z0 termination at the other port. Therefore,

for a device to be unconditionally stable it is necessary but not suffic-

ient that s, and s,. be less than 1.

11 22
Since knowledge of s.. and s,.. is not sufficient to determine if the

Pl 22
device will be absolutely stable under all load conditions, a more detailed
analysis is required. The general flow graph shown in Fig. 2-6 may be
used to find the input and output reflection coefficients as a function

of the termination at the other port. The input reflection coefficient

for an arbitrary load impedance, sli, is given by the ratio of b1 to 2y

with Ks being ignored (or set to 0). The reason for ignoring Ks is that
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1
s17 is independent of the source impedance just as the input impedance

of a device described by h-parameters is independent of the source

impedance. The non-touching loop rule may be applied to find that

sll(l—KLs22) + 8,857 K Sy 812521KL
1 - 5K 1l - 822KL

514 (2-9)

The output reflection coefficient for an arbitrary source impedance may

be found in a similar manner, and is given by

8,,8..K
52; = 322 + _.].'2_22__ (2—10)
1 — SllKS

Eq. (2-9) may be solved for values of K that make

Sli >1 and, there-

fore, make the network potentially unstable. The solutions for KL may
be represented by a circle on the Smith Chart. The center of the circle

is located at r; and has a radius of R;. EKq. (2-10) has similar solutions

1

for Ks; in this case the center of the circle is at r, and has a radius

Rz. Egs. (2-11), (2-12), (2-13), and (2-14) define these circles which

are commonly called stability circles.

o - C1,%/(15’11'2 3 }Alz) (2-11)
By = (|sp18) )/([s12® =| AP) (2-12)
ry = "/ ([sga|? - | AN [ (2-13)
Ry = (|s1252] )/(|s22|* -|N[% (2-14)

where

Q
|

3*
; i ' 3 AL
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02=s

-As . *

22 11

A= 811820 = 821832

The regions where lsli, or |szé| are greater than 1 may be either
inside or outside the stability circles. It is not difficult to deter-
mine which regions are unstable because a knowledge of S and Soo

provides the necessary information. A general rule may be stated as

follows:

If Islll is greater than 1 and the stability circle includes the center

of the Smith Chart (point where K F 0), then the inside of the
stability circle is the unstable region; if the center is not
included by the stability circle, the region outside the circle
is unstable. If lsll‘ is less than 1 and the center is included
by the stability circle, the region outside the circle is unstable;
or if the center is not included, the region inside the circle is
unstable.
This rule may be applied equally well to the output port. It should
be noted that the region referred to as the unstable region is not
unconditionally unstable, since a circuit with a negative input resis-
tance may be stable. Therefore, the stability circles show the termina-
tions that provide a negative input resistance. When active devices are
to be used as amplifiers, the terminations are normally chosen so that

the circuit is unconditionally stable.

2=5 Measurement of s-parameters

Kim's thesis provides an excellent discussion of a typical measure-

ment system using the equipment available at South Dakota State University;
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therefore, only basic comments on measurements will be presented here.7

Eq. (2-7) shows that like other parameter sets, s-parameters relate
two input and two output quantities, and Eq. (2-8) indicates the conditions
thet must be satisfied so that the four parameters may be measured. The
basic measurement scheme is shown in Fig. 2-7. The figure shows that the
terminals of the 2-port device are connected to a system that has a charac-
teristic impedance of 50 ohms. The 50 ohm terminations insure that no
reflections will occur at the load or generator. By applying a signal
to one of the ports, 3 measurements will define 2 of the parameters. If,
for example, the input is on the left in Fig. 2-7, then V2+ =a, =0.

2

Under this condition measuremerts of Vl+, Vl- and V2_ will specify 511

and sy as indicated by Eg. (2-8). If the input and output ports are

reversed, then V1+ = a7 = 0 and measurements of V2+, VZ-’ and Vl will
specify $12 and sy5. These six voltages completely specify the set of
s=-parameters for a given network.

It is, of course, necescary to make these measurements without
changing the operating point of the device and some means of measuring
the voltage waves of interest must also be provided. A more complete
block diagram of the measurement system is shown in Fig. 2-8. The
function of the various components is as follows:

1. The bias tee is used to bias the device under test and also
prevent dc from entering the signal generator. MICRO LAB
type FXR HW-02N tees are used.

2. The dual directional couplers are used to transfer small amounts

(approximately 1%) of the incident and reflected power to 50 ohm

loads. The voltages across the 50 ohm loads have the same phase
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and magnitude relationship as the incident and reflected voltage
waves on the main line of the coupler. The impedance of the
couplers is 50 ohms. High quality HP 774D couplers are used.

3. The adjustable length air line is used so that the reference
plane may be located as desired.

4. The vector voltmeter, HP 8405A, is a sampling device that
measures the magnitude and phase relationship of two RF
voltages.

5. The test jig is very simple. In this work it consists cf
the device under test mounted on a printed circuit card with
equal (electrical) length of coaxial cable extending to the
directional couplers. The reference plane is established by
shorting the end of the cables.

Kim gives a detailed discussion of this setup. The specifications of
the equipment and discussion of the reference plane and measurement
errors are also presented by him.

As with most measurement systems the measurement of s-parameters
contains several sources of error. An error analysis could be performed
by using a complete flow graph of the system; however, it is more meaning-
ful to consider the various errors individually. The most significant
errors are vector voltmeter errors, errors introduced by imperfect direc-
tional couplers, fringing effect errors and mismatch errors.

The voltage ratio accuracy of the vector voltmeter is within 2% and

the phase accuracy is within 1.5°. An additional 1% ratio error is intro-

duced, if the voltages are not measured on the same range.



Fig . 2-7 .
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Mismatch errors arise because of reflections that may occur at the
output port of the directional couplers or between the directional coupler
and the device being measured. The flow graph of Fig. 2-9 may be used to
gain insight into the effect of these errors. The mismatch reflections
are lumped into a single 2-port representation; in the ideal case Kl and
K, would be O and T, and T_ would be 1. (The measurement system is

2 1 2

adjusted so that the phase angles of T1 and T2 are cancelled.) Using

the flow graph it is found that

by 115814

—_—

= —— +:'
a; 1-Kp8.1 i |

If, for example, K1 = K2 = j.05, I, =T, = .95 and 811 = 2, the
magnitude error will be about 4% and the phase error is about 6.5°.

The error introduced by the finite directivity of the directional
coupler is dependent upon the reflection coefficient being measured. For
a reflection coefficient of 1 the maxdimum error is about 2% and 1°.

Error is also introduced because the coupling factor of the auxil-
iary arms of the directional coupler may differ by +1db from the nominal
value of 20 db. Generally the coupling factors of the two arms are with-
in .3 db but if a 1 db difference was encountered the error would be 12%.
This type of error may be eliminated at a single frequency by adjusting
the gain of the one channel of the vector voltmeter.

The fringing effect error may often be the largest source of phase

error and may be as large as 10° when large impedances are being measured.

Kim has presented a detailed discussion of the fringing effect error.
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It is seen that under the worst case condition considerable measure-
ment errors could be encountered; however, errors will generally be con-

siderably less than those cited.



23

r;—
aad AN

Fig. 2-9. Flow graph for mismatch errors




CHAPTER III

EMITTER COUPLED LOGIC GATES

3-1 General Description

Emitter coupled logic (ECL) is the highest speed logic presently

available, and is sometimes referred to as emitter coupled current mode

logic, since current is switched rather than voltage. The high speed

results because the switching of current does not force the transistors

into saturation and, therefore, storage time is eliminated.

The following characteristics are common to most ECL gates.

l.

The gates are generally positive logic OR/NOR gates or nega-
tive logic AND/NAND gates. Usually both the OR and NOR out-
puts are available.

The most recently introduced ECL gates have propagation delays,
rise and fall times of less than 2 ns. The corresponding times
for older ECL gates are about 10 ns.

The logic swing is about 800 mV.

Power consumption is rather high; especially for recently
introduced gates.

The logic levels are highly dependent upon temperature. A
notable exception is a line of temperature compensated ECL
recently introduced by Fairchild.?

Emitter fcllower output transistors are commonly used and,

therefore, the output impedance is very low.

The gates used in this investigation are Motorola types 1660S and

1661S which are dual four-input OR/NOR gates and are the basic logic
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elements from the MECL IIT 1line.l® This is perhaps the highest speed
logic family available. MECL III transistors are small physically and
are characterized by low base extrinsic resistance and an fT of 2GHz.
The standard package is stud-mounted 1/ pin ceramic flat pack; the
negative supply is connected to the copper stud.

The basic MECL III gate is shown in Fig. 3-1 (only 2 input tran-
sistors are shown). Transistor Q5 and one of the input transistors
form a differential amplifier whose reference voltage (the middle of
the transition region) is established by the diode-resistor voltage
divider and Q4. Transistors Q7 and Q8 are output emitter followers;
the emitters are left open so that a wide range of terminations may
be used. The circuit also includes a pull-down resistor, Rp’ at
each input which serves as a sink for the reverse current ICBO' The
circuit is available with 2 values of RP - 2k ohms (1661S) or 50k
ohms (1660S). The 2k ohm resistor may also be used to provide a
load for the open emitter of a previous gate.

Noise immunity is important, and for highest speed operation
two VCC supplies must be used so that current transients caused by
unequal loading of the output transistors do not affect the input
transistors. The circuit diagram shows that the logic levels are
therefore, any change in V will

ccl’ ccl
appear at the output with very little attenuation; however, an

effectively clamped to V

equal change in VEE will cause only about 1/4 as much change at

the outputs. Since ground is the most stable potential available,
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it is normally satisfactory to ground the VCC lines and make VEE
=5.2 volts. This connection was used throughout this investigation.
Typical transfer characteristics for the outputs terminated in
510 ohms in series with -5.2 volts are shown in Fig. 3-2. It is seen
that a logical 1 is -.8 volts and a logical O is -1.65 volts. The dc
and low frequency voltage gains for the OR and NOR outputs are different,
because different collector resistors are used in the differential ampli-
fier; the OR gain is about 3 and the NOR gain is about 2.8.
The dc operation conditions for the circuit may easily be approxi-
mated by assuming that base currents are small. The reference voltage
for the differential amplifier is given by |

v ==.7 =35 (5.2 = 1.4) = -1.28 volts

2.308

ref

If all inputs are low (or open), the corresponding transistors will not

conduct, and the emitter current of Q5 will be IE5 = 3.25/.380 = 8.4 mA.

The NOR voltage will be -.75 volts and the OR voltage is -8.4(.112)-.75 =
=1.70 volts.

If the voltage at the base of an input transistor (Ql) is raised
above =1.4 volts that transistor will begin to conduct and the current

through Q_ will decrease. When the voltages at the bases of Ql and Q5

5
are equal their currents will also be equal. For this situation the
collector currents are 4.2 mA. If the input voltage is raised to a

logical 1 (-.8 volts), Qs will no longer conduct and the current

through Q will be 5.2 = 1.55 = 9.6 mA. The NOR output voltage will
.380
be =-9.6(.1) - .75 = =1.70 volts and the OR voltage will be -.75 volts.
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A further increase in the input voltage will cause no change in the

OR output because Q5 is off; but the NOR voltage will decrease until
the input voltage becomes so large (-.4 volts) that Ql begins to enter
saturation. Fortunately, this situation is not normally encountered.
It is seen that the use of different collector resistors allows the
logic levels for both outputs to be the same. Since the action of

Q2 is identical to that of Ql’ the gate does indeed perform the OR/NOR
function.

It should be noted that the output transistors have nothing to
do with the logical function of the gate and are used to provide a
low output impedance. The gate may drive 500 ohms terminated to VEE
or a 50 ohm load which is connected to -2 volts, and for these loads
the currents are 8.5 and 22mA, respectively. Other loads may be
driven.

In order to take full advantage of the high speed of ECL very
short interconnections should be used and connections of more than 3
or 4 inches will generally be transmission lines. The transmission
line may be terminated in its characteristic impedance as shown in
Fig. 3-3(a) and 3-3(b). If the characteristic impedance of the trans-
mission line is 50 ohms and one gate is driven, RT’ R1 and R2 will be
50, 130 and 80 ohms, respectively. If more than one low impedance

-gate is to be driven, the values of RT’ R1 and R_ must be changed.

2
This connection has the advantage that when driving high impedance
gates they may be located at different points along the line, because

the entire logic swing propagates down the line. Other methods for
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terminating the transmission line are also used and these generally
cause reflection.

The high speed of the ECL gate has not been achieved without
introducing some undesirable characteristics. The main disadvantage
of ECL is high power consumption. A typical MECL III gate (not pack-
age) consumes about 55 mW when the output transistors are open; how-
ever, manufacturers of ECL have pointed out that the power consumption-
propagation delay product compares favorably with that of other integrated
circuit logic families. This means that the energy required to perform
a particular function is not considerably greater for ECL.

A problem associated with high power consumption is that the logic
levels are highly dependent upon temperature. The stud of the MECLIII
package serves as a heat sink, but special efforts may be required to
insure that all packages are at nearly the same temperature so that
the noise margin is not reduced. This problem may be especially serious
in large systems where the circuit boards are separated by large dis-
tances.

It was mentioned previously that Fairchild has made available
a temperature compensated ECL family. The effects of temperature
variations are significantly reduced over the operating range of 0°
to 75° C and the worst case noise margin is 310 mV compared to MECL's
240 mV. The gate circuitry is considerably more elaborate than MECL

but is not as fast.

3-2 Dynamic Characteristics
Emitter coupled logic is generally used only where extremely high

speed operation is required; therefore, the most important characteristic
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of ECL gates is their switching time. In order to make meaningful
measurements of the various switching times a sampling oscilloscope
with a rise of no more than 50 ps is required.ll The repeatability
of such measurements is also of interest. The measurement circuit of

10 1n this circuit a gate drives

Fig. 3-4 is recommended by Motorola.
itself through a length of coaxial cable and thus eliminates the need
for a pulse generator, and the repeatability of the results depends
only upon the calibration of the oscilloscope. Fig. 3-4 also defines
the various components of the switching time. Propagation delays and
rise and fall times are typically 1 ns or less for a gate terminated in
510 ohms to VEE' Capacitive loading increases these times and they

are also dependent upon temperature and supply voltage. The actual
switching times are not of significant value in this investigation,
therefore, no effort was made to measure them. For small signal

operation or operation that is restricted to the transition region

the gate may be described by s-parameters.

3=3 S-Parameters

ECL gates are really 3-port devices because they have two output
terminals, however, the gate can be considered a 2-port device if one
of the outputs is terminated in a fixed impedance. This is desirable,
since the unused port (terminal not used in a feedback network) provides
a convenient point to which a monitoring device may be connected.

A path for direct current through the output transistors to Vgmp

must be provided so that a suitable operation point is established
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and 1.8K ohm resistors were used for this purpose. These will be assumed
on all figures of the gate.

Two sets of small signal s-parameters were measured for a gate with
an Rp of 50k ohms using the circuits of Figs. 3-5 and 3-6. The input
transistor was biased at about -1.3 volts so that the gain of the gate
was maximized, and the unused inputs were connected to VEE' The bias
tees were included to prevent dc from entering the 50 ohm load and the
generator. The monitoring device was a Tektronic type 1S2 sampling
unit with an input impedance of 50 ohms; the bandwidth of the sampling
unit was 3900 MHz and its rise time was less than 90 ps.

Table 3-1 lists the parameters that apply to the measurement
circuit of Fig. 3-5 where port 2 is the NOR output. Table 3-2 lists
the parameters that apply to the measurement circuit of Fig. 3-6
where port 2 is the OR output. The jig used for these measurements
was a printed circuit card and the pins of the integrated circuit
were soldered to the printed circuit leads. The board had conducting
material on both sides, and the back side was connected to VEE and the
stud. The blocking capacitor, CB, was connected directly to the circuit
board and a length of 50 ohm coaxial cable was connected between it and
the sampling unit. It should be noted that the biasing network has very
little effect upon the s-parameters of the gate because the input imped-
ance of the gate is considerably less than that of the bias network over
the frequency range of interest.

Data in Tables 3-1 and 3-2 show that 514 and s 2 (the superscript

AL
0 refers to the measurement circuit of Fig. 3-6) for the two cases are
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Table 3-1

S-Parameters of MECL III Gate
(High Z - NOR Output)

ooy ful o 1 Fiz Pfal [z [o22|

wu

100 73 =17 .07 96 5 103 .6 20
110 72 =16 .07 92 4.7 95 .56 10
120 J72 =16 .07 90 4 90 .5 A
180 72 =17 .07 89 2.6 87 A6 0
140 72 -18 .08 89 Bl 86 L6 =4
150 .72 =20 .08 87 3k 3 84 L6 =13
160 J12 =22 .09 85 8.3 80 AL =25
170 .68 =23 .09 82 3.3 73 .38 =40
180 65 =23 .09 83 el 67 .3 =52
190 66 =24 .,095 85 2.85 63 22 ) =5
200 66 =24 105 85 2.65 60 B -60
210 6L =27 105 85 2.6 59 M7 =T
220 64 =31 115 88 2.5 5% A5 =82
230 .6 =34 125 89 25 53 14 0 =98
240 .56 =34 135 89 2.45 47 A4 =124
250 .55 =35 .15 86 2.3 42 15 =150
260 .53 =35 .55 88 2.2 39 JAge =176
280 .5 -38 .2 87 2.05 34 A2 =175
320 A =30 .24 57 1.85 16 .3 165
340 A8 =31 .23 56 A.71 10 .33 152
360 A9 =44 22 52 1.5 10 .38 145
400 Jdoo =53 .2 55 1 25 =7 46 130
420 Jb6 o =62 .23 56 1.1 42 .5 126
440 A5 =18 .26 49 1 =16 .56 121




Frequency
(MHz)

100
140
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
280
300
320
340
360
380
400
420
440

Table 3-2

S-Parameters of MECL III Gate
(High Z - OR Output)

1]

on fn® ol fr bal fea
11 511 il 12 21 21

.8
.8
.78
.73
.68
675

-15 .03 8l 45
-18 .035 89 4.6
=21 .042 86 4.85
=23 042 80 be9
=23 .05 62 Lysis
-21 .05 64 4.1
=20 .046 63 3.6
=22 045 66 3.9
=25 .046 72 3e5
-28 .052 77 3.55
-30 .064 72 34
=28 .06 63 515
=28 .058 65 2.8
-28 .05 69 2.6
=30 855 78 2.5
-3 .07 8 2.65
-1 .06 84 2.75
-40 .115 70 242
=28 115 55 1.95
-40 .12 52 2
-0 b il 40 1.85
=34 115 38 1.4
=45 - 31 1.3
A .102 34 1,50
-68 1 2 1.35
=70 B i 28 1.1

-62
=64,
=71
=81
=90
=96
-98
=99

=101

=108
=117
-123
=126
=126
=126
=129
=136
=152
=156
=158
-177
=179
=173

178

163

161

s =l e S g e

0

10]
N
N

35

143
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similar as they should be; they would be identical if the sampling

unit and the directional coupler had exactly the same impedance. It

. 0. .

is also seen that s12 i1s considerably less than s,.. This is a reason-

12
able result because there is better isolation between the input and the

OR output than betwern the input and NOR output. 3210 is larger.than
821. This is probably because of the larger collector resistor at the
OR output (the low frequency gain at the OR output is larger than that
of the NOR output because of the larger collector resistor). At very
low frequencies the angles of o1 and 8210 would be 180 and O degrees
respectively, but at higher frequencies the phase shift through the
gate becomes evident. It is interesting to note that the outputs
are nearly 180° out of phase at all frequencies. It is seen that
there is a large difference between 522 and szzu; in fact, the real
part of the OR output impedance is slightly negative at some fre-
quencies. The reason for this apparent negative output resistance is
that there is some coupling between the OR output and the reference
transistor, Q6’ (see Fig. 3-1) that results in positive feedback.

The s-parameters were measured for a low impedance gate using
the circuit shown in Fig. 3-5. The bias circuit shown in Fig. 3-5
was not used and dc current for the input transistor was supplied
through the bias tee. The input transistor was biased at about
-1.3 volts so that s21 was maximized, and unused inputs were connected
to V... The test jig used for these measurements consisted of a

EE
printed circuit card on which an Augat flat pack socket was mounted.

Short lengths of wire were used to connect the 1.8k ohm resistors
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and the stud to VEE; therefore, supply bypassing was not as good as in
the previous case. The parameters are listed in Table 3-3 and the
difference between S5 for this case and that found previously 1is
attributed to the difference in the test jigs.

The data of Tables 3-1, 3-2, and 3-3 are small signal parameters.
The input voltage was less than 20 mV and the applied voltage at the
output was less than 60 mV in all cases. Larger signals could have
been used but care was taken to insure that linear operation was
maintained.

Since the reverse gain is fairly small, the input and output
jmpedances of the gate will not be highly dependent upon the load and
source impedance. The approximate value of the input and output im-
pedance may be found by plotting sll and S5, ON the Smith Chart.

An important parameter of active devices is 321, since it indi-
cates whether or not the device is useful for providing a power gain.
It is obvious that these gates may be used to provide small signal

gains at frequencies above 250 MHz. In fact, S>1 is greater than

1 at 400 MHz.




Table 3-3

S—-Parameters of MECL III Gate
(Low Z - NOR Output)

Frequency |84 ﬁl |512 Zsl_?. |°2] ZSZ_I |822|
(MHz) :

.7 =12 .03 99 4.8 103 P2
igg .7 =12 .022 94 4.6 99 <22
120 .68 -12 .034 90 4.25 94 .18
130 .68 -12 .035 89 4.l 87 .15
140 .68 -13 .033 86 ) 86 J45
150 .64 =14 .036 90 3.7 82 o7
160 .64 -15 .037 90 3.6 79 205
170 .605 =15 .037 92 3.5 T4 24
180 .6 -15 .036 96 3.4 69 .28
190 565 =15 .038 103 3.15 63 .32
200 .56 -15 .043 110 2.95 58 .36
210 .56 =15 .05 116 2.72 54, o
220 .56 =16 061 118 2.5 il 42
230 .56 =17 .076 115 2.48 47 42
240 .56 =16 087 112 2.3 43 Al
250 .58 -18 .1 108 2 40 .39
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CHAPTER IV
NEGATIVE RESISTANCE OSCILLATORS

4=1 Classical Analysis

Although it was not specifically stated, it was implied in Chapter
II that the analysis or design of oscillators using s-parameters is
inherently concerned with negative resistances. A negative resistance
oscillator may be completely specified in terms of s-parameters and the
reflection coefficients of the source and load. However, a classical
discussion of such oscillators is also helpful. It will be shown later
that a final step in obtaining a negative resistance oscillator is to
consider the active device as a l-port network with a negative resistance
in series with an inductor ( or capacitor). Fig. 4=l shows such a circuit
where R is considered a positive number.

Two equations describing this network are

Il(Rx + 1/Cs) + 12(1/bs) =D
and

Il(-l/bs) + 12(-3 +Ls +1/Cs) =0

where s =6+ jW. & is the damping factor and wWis the angular frequency.

The characteristic equation for the circuit is

- - RR
82 + Rx 1 s + L xC

RLC R LC

=0

Since this is a second order system, two solutions for s are as follows
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, == B R, - R)? L-RR,C
ol T )

The conditions required for sustained oscillation may be determined from

Eq. (4-1) and are
R-R
E= —a | 4
1/2 1o =0 (4=2)

and
- RY L - RR C
Ww=1/2 _R:_LG ) - ) -3 (4-3)

[
It is obvious that if oscillations are to exist, the external resistance

cannot be greater than the magnitude of the negative resistance.
It is often desirable to make & very small so that a sinusoidal
oscillator may be obtained. For this condition the angular frequency

is given by

W=/1RC-R /& (4=4)
Therefore, the conditions for a sinusoidal oscillator are

R = ch (4-5)
and

1/R,C =R /L (4-6)

It should be noted that no oscillations may be obtained unless Eq. (4-6)
is satisfied.

Another way of considering the negative resistance oscillator is
shown in Fig. (4-2). This method is somewhat easier to relate to reflec-
tion coefficients, since the Smith Chart is constructed for series imped-

ances. The external components R, and C; have a well defined relation-
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Fig. 4-2. Series negative resistance circuit
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ship to Ry and C of Fig. 4-1. The results obtained by this method have
the same meaning as in the previous discussion.
The characteristic equation for the circuit of Fig. 4-2 is
- R 1
L

LG

Solutions for s are
\ 2
'R’l)+ R -R &
s (B o
21 Wi T i

The conditions for sustained oscillations are now

&=1/ (R;Rl) =0 (4=7)

and
1 R - R R
wz-L—C-— - —-——-2L ) BO (4-8)

1

It is again seen that Ry cannot be larger than R. Such a conclusion is
not surprising, since R, must absorb less power than R generates. If
Ry = R, a sinusoidal oscillator will be obtained and its frequency will

be
1

W = T (4-9)

4=2 S-Parameters Analysis
It will now be shown that for the purpose of obtaining an oscillator
a 2-port device may be reduced to a l-port network. It will also be shown

that the analysis based on s-parameters gives the same results as those
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obtained from the classical method. The general flow graph of Fig. 2-6

is used to analyze the stability of a 2-port device. Since no signal

source is used in an oscillator, b_ = 0. Use of the non-touching

loop rule shows that the various transfer functions are of the form

F(s, Kg» KL) -
T =

X
1 - 8K = 817Ks = 821812%sHy, 7 8081151 Xs

The characteristic equation is
= (4-10)
1 - sy, - s11Ks - s21Kp812Ks + 922511F1%s T °

Two solutions for Eq. (4-10) are

(4-11)
1, 51251"L
K 11 1 - s,k
and
L, 81,81 %s (4-12)
kK, %27 1-sik

- i tisfied then an oscilla-
If Kg and Ky, are chosen so that Eq. (4-10) is sati o g
tor results. Reference to Eqs. (2-9) and (2-10) show tha

ments are

1 : (4-13)
X = B
S

and )
1 . (4—14)

7

It is obvious that if one of these conditions is satisfied the other
i

. -
one is as well. Therefore, we may choose Ky (or Kg) and gaptaly; 43



(4-13) (or (4=14)) by properly adjusting Ky (or KL). The stability
circles indicate suitable values for KL (or Ks).

It is now obvious that a l-port analysis is valid. The relation-
ship between Eq. (4-13) and the classical analysis is not difficult to

demonstrate. Let

K = Zs . ZO
° Zs + ZO
and
.- Zin = 29
i1 Zin + ZO

Substitution of these expressions into Eq. (4-13) yields ~Zge % &

and, therefore,
Re(-2,,) = Re(Z,) (4-14)
and

Im(_Zin)

The implications of Eqs. (4-14) and (4-15) are
R=FR

and

W=
iy

These are in agreement with previous results.
The conditions for oscillation may now be stated in terms of the

s=-parameters of a device and the external reflection coefficients.

These are
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|1/5.4] <[k | (4-16)

and
Zs_l_i_* =& (4-17)

Eq. (4-16) statcs that the voltage wave reflected from the aclive device
must be at least as large as that reflected from the te. aination and
Eq. (4-17) merely indicates that the reactive parts of tiie two imped-
ances have opposite signs. It is seen that Eq. (4-16) and (4-17) are
closely related to the classical criterion for oscillation, that being
a loop gain greater than 1 and phasec shift of 360°.

It is appropriate to point out that this analysis of negative
resistance oscillators has assumed that the input characteristic of
the active device is independent of signal size and that operation is
restricted to the linear region. This is a v: !id assumption but, of
course, some non-linearity is required to 1limit the amplitude of the

oscillations.

4=3 Application of the Smith Chart

The Smith Chart is a graphical solution of the transmission line
equation and has been used for solving mzny related problems.12 Its
use is generally restricted to impedance with positive real parts but
charts have been deweloped for use with negative resistances. It will
be shown that the conventional Smith Chart may alco be used for imped-
ances with negative real parts and reflection coefficients greater

than 1. This is very convenient, because it eliminat:s the require-

nment for a negative Smith Chart or calculations by hand.
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A typical use of the Smith Chart is to determine the value of an
impedance, when its reflection coefficient, K, is known. The normalized

impedance is given by

=R_+JjX (4-18)

and is found by locating K on the Smith Chart, if R is positive. If

Re(Z,) is negative, |K| will be greater than 1 and (R=>0)

1+K_1+1K

<R + JX = s =
L= R0 T =

and

R-jX=l+l/K
1-1/K

Since (A/B)* = A¥/B*,

1+ 1/K*

R + jX T (4-19)
The relationship between Eqs. (4-18) and (4-19) shows that for negative
resistances the point 1/K* is located on the Smith Chart. The value of
the resistance given by the Smith Chart is now considered negative. For
example, the normalized impedance corresponding to a reflection coefficient
of -2 is =.33 and for K = 1.414.ZA§, Z =<1+ j 2. These points are
shown on the Smith Chart of Fig. 4-3.

Previous sections have provided the information necessary for
understanding the oscillation requirements and in this section a general
design procedure will be discussed. This procedure may be used to design
.oscillators that do not use gates for the active device. The oscillator

of the form shown in Fig. 4-4 is used. The figure shows a 2-port active
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device shunted by a passive feedback network and the terminations Z; and

ZSI

The feedback network may consist of a single component or be an

elaborate frequency determining network. Zy and Zg will generally be

frequency sensitive (not pure resistances).

The general design procedure is as follows:

l.

Choose a suitable active device that is able to provide a

power gain greater than 1 at the desired frequency. S-param-
eters must also be measured at the operating frequency, and it
is convenient to make measurements so that the effects of the
biasing circuitry are included. The effects of the biasing
components may also be handled by combining their parameters
with those of the active device, but this may require conver-
sion from one set of parameters to another. In some cases it
may be possible to consider the biasing components part of the
termination, Zg and Z7,.

Choose a feedback network and measure or determine its s-param-—
eters. The choice of a feedback network may be difficult,
because a large number of different networks may provide
satisfactory results. The feedback network will generally

be frequency sensitive such as some type of resonant circuit.
It is now necessary to combine the s-parameters of the feedback
network and the active device to form a single 2-port network.
This is done by converting the s-parameters of the two networks
into y-parameters and then adding the y-parameters. Conversion

back to s-parameters results in the required 2-port network.
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It may be possible to measure the overall parameters and if
this is done measurement errors are minimized.

4. Obtain the stability circle on the input plane using the overall
parameters and Eqs. (2-11) and (2-12). The load impedance is

now chosen so that s,! is greater than 1. In order to obtain

11
oscillation exactly at the resonant frequency of the feedback
network the load should be chosen so that Sli is a maximum at
the desired frequency. Eq. (2-9) is used to calculate sli-

5. The circuit may now be treated as a l-port network with a nega-
tive driving point resistance. It has been shown that a sinu-
soidal oscillator will be obtained if Ks is set equal to l/sli.

The required source impedance may be found by plotting 1/Sli
on the Smith Chart.

The procedure given here is very general and details of any particu-
lar design will vary. It is possible, after gaining considerable experi-
ence, to eliminate one or more of the steps indicated and their order may
be altered.

The choice of the active device will depend upon several factors,
some of which are power requirements, cost, and past experience. General-
ly, a single transistor will be used and a wide choice is available for
operation at less than 1 GHz. At higher frequencies the choice is some-
what limited.

The choice of a suitable feedback network is perhaps the most difficult

step of the design procedure, because there is a multitude of networks that

satisfy the conditions for oscillation. It is not necessary for the feed-
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back network to be a resonant circuit, since the parameters of the active
device, feedback network and the terminations all have an effect on the
oscillating frequency; but a more predictable oscillator may be obtained
if the feedback is some type of resonant circuit.

It was noted that combined parameters for the active device and feed-
back network should be measured, if possible. The conversion from one
parameter set to another does not introduce error, but if the parameters
involved are in error then the resultant 2-port network may have larger
errors. (In computerized measurement systems that have built in error
correction capabilities this would not be important.)

As outlined in step 4, the stability circles indicate possible load
terminations. In general, a range of terminations may be used. In some
designs the loads are specified and sli (overall input reflection coeffic-
ient) may be measured rather than calculated.

The last step in the design procedure must be followed if a sinu-
soidal oscillator is required and the value of the source termination
is well defined. A resonant circuit may be used so that the impedance
requirement is satisfied at a single frequency. The conditions for
oscillation,Eqs. (4-16) and (4-17), must be satisfied even if sinusoidal
operation is not desired.

An example of a single transistor oscillator is shown in Fig. 4-5.
Discussions of this circuit have not included information concerning the
choice of L and C, but indicate the requirements for the source termina-

tion.é’ 13 A typical plot of l/éli with frequency is shown on the Smith

Chart of Fig. 4-6. The circle designated Gg is a constant conductance
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circle and defines the reflection coefficient of the parsllel resonant

circuit. The requirements for oscillation are

\l/sli[sgksi

and
v
Sll —-[KS
and Fig. 4-6 shows that these may be satisfied between £ and f2. Adjust-
ment of‘Ll and Cl changes the frequency, but the frequency i not necessarily

w = I/VLlCl. With the given value of R, sinusoidal o: :illation is pc :ible

only at freguencies near f. or f2 and operction between these froquencies

1
may be highly non-linear.
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L Smith Chart

_ 1
Fig. 4-6. Swith Chart plot of l/sll
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CHAPTER V
ECL OSCILLATORS

5-1 Crystal Oscillators

The use of digital integrated circuit gates as oscillators is
not new and many different circuits have been described in the litera-
ture. ECL gates have been used in crystal controlled oscillators as
shown in Fig. 5—1.14 The gate is an MECL ITI type 1023 clock driver
and has characteristics similar to those of MECL III gates. The gate
does not have input pull-down resistors so the bias current supplied
by Vpp is small and R may be made large. The emitter follower output
resistors are 600 ohms. The oscillator circuit is very simple and the
crystal operates in a series mode at its fundamental frequency. Oscilla-
tors of this type are generally used for frequencies below 20 MHz. The
reason for this is that at higher frequencies the phase shift through
the gate to the OR output becomes excessive and the phase requirement
for an oscillator can no longer be satisfied.

The 1023 gate is not restricted to low frequencies and finds appli-
cation for oscillator circuits at frequencies above 100 MHz. Such a
circuit is shown in Fig. 5-2.14 The phase shift through the gate
requires the use of the NOR output in the feedback loop, since this
shift provides part of the required 360 degrees. The capacitor at
the output, 02, is used to adjust the phase shift so that oscillation
is.possible. (This capacitor serves as KL and is adjusted to make lsli\
greater than 1.) The crystal operates at some overtone, and the resonant
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circuit formed by Ll and Cl is adjusted to the desired operating
frequency. In this way undesired frequencies are shunted to ground
and operation at the proper frequency is insured.

The purpose of the circuits shown in Figs. 5-1 and 5-2 is to
provide a clock pulse and, therefore, the waveshape of the oscillator
is not particularly important. These oscillators drive a buffer stage
whose output provides a fast rise and fall clock pulse. Because non-
linear operation may be encountered, the small signal analysis is not

especially useful but the required oscillation conditions of Egs.

(4=16) and (4-17) must be satisfied in order for oscillations to begin.

5-2 Small Signal Analysis

The characteristics of MECL III gates make them well suited for
use as high frequency oscillators and the parameters given in Chapter
ITT indicate that operation in excess of 400 MHz is possible. The small
signal analysis and design technique presented in previous discussions
may be readily applied to ECL gate oscillators.

A general oscillator circuit is shown in Fig. 5-3. The impedance
ZL2 should be the same as that used when the gate's s-parameters were
measured. Analysis of this circuit proceeds by first considering the

gate as an active device shunted by Z and terminations at the input

f’
and output ZS and ZL’ respectively. (ZL2 is considered part of the
active device). Previous work has shown that the circuit should be

reduced to a single 2-port network terminated by ZS and Z;. In order

to make this simplification the y-parameters of the feedback network




must be known. It is possible to measure the y-parameters,

easier to simply measure Kf, the reflection coefficient of Zf.
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pbut it is

Although

the feedback network consists of a single element, it must be considered

a 2-port network and is described by four parameters. The s-parameters

of the shunt impedance, Zf, may be determined by considering the circuit

of Fig. 5-4 in which V2+ = 0. If Z. is normalized to ZO, then the reflect-

f

ed voltage wave at the input is

sl =1
.o =v.t | E2———
1 S \peiFd

and

B

—— ———
vy + 2

Since the circuit 1s symmetric, 511 = 8,55t

vé\v;tozvé':vl( 1 )

Zp + 1
and
+ -
v =V. +V
1 1 3
Therefore
v-=vt[1? S115
2 LA g+ L

and Eq. (5-1) may now be used to find that

v-
S =" 7 =,_2&—
21 TRCT o

Vl V2 0 Zf+2

(5-1)

The voltage across ZO is

(5-2)
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Symmetry again shows that s__ = s _. Generally K, will be known and

21 12
Egs. (5-1) and (5-2) may be written in terms of Ke as

811 = 8pp = (1 + K )/(3 - Kp)

and

Il

Bl =8 =20 = Kp)/(3 = K,)

(5-1b)

(5-2b)

An equivalent 2-port network may now be found by adding the y-

parameters of the active device to those of the feedback impedance.

Conversion from s-parameters to y-parameters is accomplished by using

the following equations.

v = [0+ 5@ - sg) + 5152 3/[0 ]

Y12 = =281,/D

Io1 = -2821/1)
V22 = [+ 9700 - s0) + 815051 /00]
where D = (1 + Sll)(l + s22) - 81555

(5-3)

These parameters are normalized to ZO and the actual parameters are

711 = 711/%
Yo = Y1 /%
Y3 = /%
Yoz = Y22/%

After the two sets of (normalized) y-parameters are added, conversion

back to an equivalent s-parameter representation is necessary.

eugations listed on the following page may be used.

The




5@

s =[@ - Y1) (@ +yy,) + 3’123'21] /EDzj
815 = (=3,)/D,
1 = (3, )/, (5=4)
522 =L+ 711 @ = 750 + 39, 1700, ]
where yil’ yiz, y2l and y22 are the normalized parameters and
Dp = (1 +3yy) @ +yp5) = 359 (5-5)

Calculations involving Eqs. (5-3) and (5-4) were made to show that
such a procedure is useful. The circuit whose overall parameters were
determined is shown in Fig. 5-5. Parameters for the gate including the
bias network are given in Table 3-1. The overall calculated parameters
are given in Table 5-1 and measured parameters are listed in Table 5-2.
Comparison of measured and calculated parameters supports the argument
that the overall parameters should be measured, if possible. However,
it is also seen that in cases where overall parameters cannot be measured,
calculated values will provide reasonable estimates of the actual condi-
tions. No special efforts were made to insure that measured values are
correct to a high degree of accuracy and it is likely that more accurate
measurement would give better results.

Once the overall parameters have been determined the stability
circles defined in Egs. (2-11) and (2-12) may be used to find what
values of KL may be used to make |sli|;31 so that the conditions for

oscillation may be satisfied. It has been found that in many cases the
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Table 5-1

Calculated Parameter of Circuit of Fig. 5=5

§§§3§ency f0l s |ml [z [Pl P2 P29 [P22
100 1.57 118 .62 25 2.7 -3 1.5 127
110 1.79 109 .72 16 3.14 154 1.67 117
120 2.03 96 .81 4 3.6 -l170 1.79 104
130 21 8, .8 -9 3.8 11 1l.82 9
140 015 76 .86 17 3.98 1 1.84 83
150 026 69 .87 =21 4k 163 1.89 T2
160 66 58 .95 -39 5.7 19 212 %6
170 279 39 W91 =59 6.4 125 2 31
180 250 A Wb =75 5.6 104 1.58 13
190 016 10 .60 -85 4.7 92 L.22 33
200 1.95 4.8 .52 =90 4R 8601 SEARESSS
210 176 =2ed 42 =991 @9 WA NN
220 1.64 -11 .34 =110 4 26 S8 . =25
230 146 -0 .27 ez 55 JoEN W
240 1.6 <26 .22 126 5.86 49n | EEN S8
250 1.1 -28 .16 =129 2.95 43 28 -58




Frequency
(MHz)
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240

250

Table 5-2

Measured Parameters of Circuit of Fig. 5-5

Bl [ a2l [P [fal [Ea [S22 [s22

1.44 112 .6 23 2.5 =140 1.46 126
1.76 102 .72 13 3.35 =153 1.7 114
2 90 82 =2 3.7 -170 1.85 98
2.1 76 .82 -18 3.9 175, b 86
2.1 66 .8 =30 dpods L6l o Mua 74
2.78 57 78 =41 5.05 154 1.86 62
2.3 VA <77 DR=56 5.3 13% L9k L
2.3 28 68 T4 5.4 116 1.69 22
2 16 .54 =86 4.7 100 1.28 8
1.76 8 42 =91 4 93 <99 2
1.6 4 .35 =96 3.65 87 .86 -3
1.52 -1 31 =101 3.57 83 A -9
1.48 -8 27 =111 3.6 ™ .66l =l
1.34 =16 22 =123 3.52 65 54 =31
1.2 =22 A7 .. L3 3.4 56 A =40
1.08 =25 135 =140 2.9 50 29 =44

61



62

entire Smith Chart is encircled by the stability circle and, therefore,
any impedance can be used. Experimental work has shown that somewhat
more linear operation is obtained if ZL and Z;, are about equal, and
throughout most of the work they are nearly 50 ohms. If ZL is not 50

ohms, then the input reflection coefficient is given by

811 = 837 + (81,8,0K )/ (L = s5K;) (5-6)

and should be measured. The required source reflection coefficient is

_ !
Ks = l/sll.

5-3 Low Z Gate Oscillators

A simple gate oscillator circuit is illustrated in Figs. 5-6.
The circuit does not require any external bias for the input transis-
tor, since bias current is provided through the feedback inductor. The
capacitors at the outputs serve as dc blocking components and one of the
50 ohm loads may be the sampling unit. Knowledge of 511 (as defined in
Figs. 5-6) is adequate for determining the source requirements and in

many cases direct measurement of s,, is possible.

11
Circuits like that shown in Fig. 5-6 were constructed using the
low impedance gate whose parameters are listed in Table 3-3. Table
5-3 lists measured values of sll for feedback inductors of .15 and
.22 MH and l/sll is plotted on the Smith Chart of Figs. 5-7 and 5-8.
These plots show that there is no distinct resonance and, therefore,

the oscillating frequency will be highly dependent upon the source

termination.
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Fig. 5-5. Circuit whose s-parameters -were calculated
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Fig. 5-6. Oscillator using low Z ECL gate
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Table 5-3

S-Parameters for Circuit of Fig. 5-6

?ﬁgg?ency lslﬂ 511 Islﬂ [Ell
(Ly = .15 H) (Lp = .22 4H)

60 1.2 143 1.9 1%
70 1.28 133 i.2 118
80 1.32 126 iL.45.0 o NG
90 1.1 122 1.6 103
100 1.65 116 1.85 9
110 2 108 2.16 85
120 2.16 93.5 2.8 69
130 2.4 88 2.2 60
140 2.65 73 2.4 47
150 3.4 58 2.4 25
160 2.8 26 1.9 13
170 2.2 2 1.6 g
180 2.05 19 1.6 8
190 2.2 8 1.6 0
200 2 -9 1.45 =12
210 1.56 =22 W -20
220 1.17 =22 97  -18
230 1.05 -18

240 1 {8
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In order to obtain sinusoidal oscillation at a particular frequency
the source impedance is specified by K = l/s11 and may be determined

from the Smith Chart plots. For example, if L.= .15M4H and it is

:
desired to obtain a 150 MHz oscillator, Zs = 65 --j30 ohms (refer to

Fig. 5-7). In most cases Zs may be either a series or.parallel Ré

circuit; the series circuit was chosen for experimental work because

it blocks dc and also because the Smith Chart is constructed for

series impedances.

Experimental oscillators of the form shown in Fig. 5-6 were con-
structed. The procedure was very simple; a fixed resistor and a vari-
able capacitor were placed in series between the input and ground, and
the capacitor was adjusted until a sinusoidal oscillator was obtained.

The value of the capacitor does not have much effect on the oscillating

frequency; but if it is too small, the waveform is distorted, and if it

is too large no oscillations are possible. Oscillators of this type can
supply up to one milliwatt of power to each of the 50 ohm loads without

serious distortion. (No spectrum analysis equipment was available).

The source reflection coefficient for various oscillators is plotted
on Figs. 5-7 and 5-8 and the oscillating frequency is also indicated. It
is seen that these results are not in strict agreement with what is expect-
ed. The main reason for the discrepancy is because of measurement errors
as discussed in Chapter II and, consequently, the difference between

theoretical and experimental results is not considered excessive.

5-4 High Z Gate Oscillator

The high Z gate was also used in the type of circuit shown in Fig.

5-6 and similar results were found. The high Z gate has some advantages
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over the low Z gate, because the input bias current requirement is
small; therefore, the self bias technique need not be used. An exter-
nally biased high Z oscillator circuit is shown in Fig. 5-9. The capaci-
tors at the output are again used for dc blocking. The advantage of this
circuit is that Cf may be small so that the feedback network exhibits
a resonant response and the frequency range over which oscillation is
possible will be reduced.

A typical circuit of this type is one with Ly = 1MH and Cf = 1pF.
RL2 is the 50 ohm impedance of the sampling unit. The overall s-parameters
for this circuit are listed in Table 5-4 and they show that oscillations
are possible over a limited frequency range. If the directional coupler
used for the measurement of s-parameters remained connected to the output,
' and oscillations near 155 MHz should be obtained if Kg = .675 [égg:

ir =~ "l
It was found experimentally that oscillations at 155 MHz were obtained

S

by using a source termination with KS = 262 Z:é;:

The ‘s-parameters of a circuit with Lf = J47MH and Cf = 1pF are listed
in Table 5-5 and it is again seen that a resonant type response is obtained.
In this case a sinusoidal oscillator of 230 MHz was obtained with Kg =
.66 [-51.

These two examples show that the operating frequency of the circuit
is highly dependent upon the feedback network and, therefore, the influence
of the source termination is not as great as in circuits that do not use
resonant feedback networks. It is important to note that operation
exactly at the resonant frequency of the feedback network is not gener-

ally obtained. The reason for this is that the input and output voltages
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Fig. 5-9. Externally biased high Z gate oscillator




Table 5-4

S-Parameters for Circuit of Fig. 5-9

omeney Jenn| [o11 el [rr2 Pal fa [l /o2

130 .39 =33 .195 73 2.98 80 i, -1
140 .19 =63 <275 62 2.42 72 al 42
150 .72 120 .5 23 2.5¢ ' 116 61 1k
155 1.48 59 49 =36 3.4 139 1) 52
160 1.35 24 L75 =71 4 109 1 14
170 1 0 .07 =103 3.6 87 .6 =19

70
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Table 5-=5

S-Parameters for Circuit of Fig. 5-9
(Lp = 47TMH, Cp =1 pF)

mrequency  [ou1l [ou |22 [s2 leal [ P22l [z,

210 145 80 sz 55 1.85 48 24 B g/
220 .3 12 43 38 1.2 42 A 141
234 1.46 55 .56 =34 2.3 107 .82 53
240 1.3 14 «29 =77 2.9 79 5 3

250 <94 14 .09 -113 2.6 59 e 35
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of the active device are not exactly in phase and the phase require-

ment must be satisfied by the feedback network.

5=5 Characteristics of ECL Oscillators

In addition to the oscillator described here numerous other similar

oscillators were investigated and the following characteristics observed.

1. Sinusoidal oscillators are easy to obtain.

2. Transmission lines with a characteristic impedance of 50 ohms
may be driven and each of the outputs may supply up to 1 mW
into 50 ohms.

3. If the output loads are considerably different, the output
level at which distortion occurs is reduced.

L. Circuits that use a single inductor in the feedback loop do
not require any external bias for the input transistors and
oscillations are possible over a wide range of frequencies.

If a series RC source termination is used, the resistor has more
effect upon the oscillating frequency than the capacitor.

5. If operation at a particular frequency is required, a series
1-C feedback network is useful, but oscillation exactly at the
resonant frequency of the feedback network is not usually obtain-
ed. For such oscillators the use of the high impedance gate is
somewhat more desirable because the impedance of the biasing

network may be much greater than the input impedance of the

gate.
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CHAPTE!. VI

CONCLUSIONS

As a result of this investigation and experimental work the follcw-

ing conclusions have been reached:

1.

MECL III gates can provide a power gain at frequencies

over ACO MHz and they may be used as the active device in

high frequency oscillators. Sinusoidal oscillator:- are

fairly easy to obtain, because the transfer characteristic

is neaily linear; consequently, soft limiting of the oscilla-
tions will occur.

The Fairchild 9500 series of ECL gates may be used in oscillz-
tor circuits similar to those presented. These gates are not
as fast as MECL III gates but their characteristics are similear.
The Fairchild ECL is also temperature com;.3nsated.

The circuit board on which the gate is mounted is important z=nd

10

leads should be kept very short. Adequate supply bypassing is
essential. It should be realized that the parameters measursd
are always dependent upon the adequacy of the test jig; different
test jigs will give different resultis.

A small signal s-parameter analysis of oscillators was pressnt-
ed. It was found that this is inherently a consideration of
negative resistance oscillators, and that such oscillators cey
be completely specified in terms of s-parameters and the reflec-

tion coefficients of the source and load.
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5.

4

A general oscillator design procedure was presented and

the use of this method may be extended to circuits employ-

ing active devices other than ECL gates.

Experimental results are in reasonable agreement with expected
results and the difference is attributed to unavoidable measure-=
ment error.

There are several sources of measurement error and in the

worst case the magnitude errors may approach 20% and phase

errors may be 15 degrees.




10.

11.

12.

13.

14.
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